The contribution of integrated municipal solid waste (MSW) management systems to greenhouse gas emissions is not negligible, even though it is moderate compared with other anthropogenic activities. The main emission from landfills that accept biodegradable MSW is methane that escapes from the biogas collection system. Such emissions are partially compensated if the collected biogas is exploited for energy production. Further compensation measures would also increase the overall sustainability of the landfill site. This study analyses the possibility of exploiting closed landfills to produce energy based on the case study of the Valdina landfill (Messina, Italy). Two possible scenarios are presented: the installation of a photovoltaic system and the cultivation of giant reed (Arundo donax L.) to be used for energy production through combustion. The results of a preliminary experimental activity are presented for the second scenario. The findings demonstrate the possibility of using the leachate produced in the landfill for irrigation purposes. For each scenario, the costs, potential energy production rate, avoided emissions and issues related to the integration of energy production with the landfill aftercare are evaluated. The presented results suggest that the cultivation of giant reed is the best option, especially during the early post-closure period, in terms of investment (18,000 € against 8,300,000 €), high production yield in the Mediterranean climate, simplicity of cultivation and integration with ordinary post-closure landfill management, limited cost of the energy produced (0.1€ kWh -1 against 0.27€ kWh -1
Introduction
The contribution of integrated municipal solid waste (MSW) management systems to greenhouse gas emissions is moderate compared with other anthropogenic activities; however, it is not negligible. Landfills that accept biodegradable MSW release methane which is produced by anaerobic microorganisms. This gas escapes from the biogas collection system and enters the atmosphere through landfill surface. In order to reduce these emissions, EU regulations (Directive 1999/31/EC; Official Journal of the European Community, 1999), which have been adopted in Italy (Gazzetta Ufficiale della Repubblica Italiana, 2003) , stipulate the progressive reduction of the landfilling of municipal biodegradable waste. This reduction can be achieved both by separate collection and by thermal or mechanical/biological treatment before landfilling. In addition, if the collected biogas is exploited for energy production, the greenhouse gas emissions from landfills are partially compensated. Further compensation measures can also increase overall landfill sustainability. Based on the foregoing, this study analyzes the possibility of exploiting landfills, after their closure, to produce energy. In particular, the case study of the Valdina landfill (Messina, Sicily, Italy) is investigated.
The scientific literature reports several examples of the exploitation of closed landfills for energy production. In particular, the production of biomass destined to produce energy is relatively well documented (e.g. Bolan et al., 2013; Nixon et al., 2001) , while the installation of photovoltaic systems (conventional or installed on flexible membranes) is another recently developed opportunity (USEPA, 2013; Mohapatra et al., 2012; Sampson, 2009) . The use of closed landfill surfaces to grow energy crops presents excellent potential because this approach is compatible with landscape recovery processes and does not diminish the agricultural surfaces potentially usable for edible crops. Indeed, social, ethical and environmental points of view all suggest that the production of energy crops cannot compete with food crops cultivation (Rahman et al., 2014; Valentine et al., 2012) . Thus, exploiting land that is unusable for conventional agriculture (e.g. landfills, contaminated sites, unproductive/marginal land) is the optimal alternative.
In this study, two scenarios are presented for the Valdina landfill: the installation of a photovoltaic system and the cultivation of giant reed (Arundo donax L.; Family: Poaceae; Subfamily: Arundinoideae; Tribe: Arundineae; Genus: Arundo; Species: Arundo donax) for energy production through combustion. For each scenario, the costs, potential energy production, avoided emissions and issues related to the integration of energy production with the landfill aftercare are evaluated.
Giant reed is a tall perennial cane growing in damp soils, either fresh or moderately saline. It is native of Eastern and Southern Asia, but it is also cultivated in the Mediterranean area. It is an asexually reproducing species because of the seed sterility, therefore, it is propagated by the rhizomes. In fact, it produces an extensive network of large but short rhizomes such as bulbs and fibrous taproots. Giant reed is one of the most promising crops for energy production that is grown in the Mediterranean climate. It shows advantages as an indigenous crop (i.e. it is already adapted to the environment), produces durable yields (up to 20 years), has exceptional soil carbon sequestration and adapts to saline soils and saline water. It also displays resistance to biotic and abiotic stresses as well as long drought periods and provides good protection against soil erosion. Moreover, dry biomass has a lower heating value of 17 GJ t -1 . In Italy, giant reed was used from 1937 to 1962 on a large-scale industrial basis for paper production and dissolving pulp, reaching an average annual production of 35 t ha −1 . It produces energy through cocombustion with other combustibles (e.g. wood, coal); indeed, if used alone, the amount of silicon naturally present in this biomass would lead to scaling problems in the boiler. Recent studies also report the use of giant reed for the production of second-generation bioethanol (Scordia et al., 2009 (Scordia et al., , 2012 ).
An additional benefit related to the cultivation of giant reed on an exhausted landfill site is using the produced leachate as a possible source of irrigation. The scientific literature has already demonstrated the high tolerance of giant reed to irrigation with highly concentrated aqueous solutions of heavy metals (Papazoglou, 2007) .
Valdina landfill
The Valdina landfill (Figure 1 ) was built in 1998 in an exhausted clay pit in order to dispose of untreated mixed MSW, with approximately 85% of the total landfill capacity coming from the cities of Messina (250000 inhabitants), Milazzo (35000 inhabitants) and Barcellona Pozzo di Gotto (42000 inhabitants). Limited quantities of untreated mixed MSW also came from other towns in the province of Messina. In this area, because separate collection is very inefficient, mixed MSW is mainly (more than 50%) composed of biodegradable waste (e.g. kitchen and garden waste, paper, cardboard, wood). 
The amount of untreated mixed MSW disposed in this landfill between October 1998 and September 1999 was 160602 t. In September 1999, the landfill was closed, covered with a clay layer and topped with soil. The construction of a more complex engineered impermeable cover was not required by the landfill regulations effective in Italy during that period. Since then, the leachate produced in the landfill has been collected and transported to an external plant on the mainland (distance  80 km) for treatment. The main characteristics of the landfill are reported in Table 1, while Table 2 reports the average characteristics of the leachate on the basis of the last three samples collected (December 2011, June 2012, July 2013) and analysed. Data presented in Table 2 show that BOD5/COD is compatible with actual waste stabilisation while the overall pollutant load associated with leachate is moderated if compared with literature data (Kjeldsen et al., 2002) especially if heavy metals are considered .
The biogas collection system of the Valdina landfill is constituted by 27 vertical wells connected to a torch for the combustion of biogas; unfortunately, data on biogas production and composition are not available.
Material and methods

Biogas production simulation
Because data on biogas/methane production in the Valdina landfill are not available, a mathematical model was used for its quantification. The chosen model, the USEPA LandGEM model (USEPA, 2005) , is well known and widely used. During the modelling stage, it was assumed that the biogas was composed of equal amounts in volume of CH4 and CO2. The USEPA LandGEM model requires two parameters, namely the specific methane yield L0 [m , respectively.
Because the biogas in the Valdina landfill is burned in a torch, the presence of a biogas management system with energy recovery was hypothesised for the purpose of this study. In fact, the reduction of the impact of the greenhouse gas emissions emitted from a landfill site cannot exclude the presence of an efficient system for the collection and energy exploitation of the biogas produced. The efficiency of the biogas collection system is thus a key issue when dealing with the problems associated with greenhouse gas emissions from a landfill; however, this is very difficult to assess. The examined literature (Calabrò, 2009 and references therein) reports biogas collection efficiency levels from 30% to 90% depending on several factors, such as the timing of the system construction (after or during the filling of the landfill), system type (active or passive), adopted layout (number and position of biogas collecting wells), design accuracy, construction and management. For these reasons three levels of biogas collection efficiency (30%, 50% and 75%) were chosen for the hypothetical biogas management system of the Valdina landfill. The scenarios simulated are summarized in Table 3 . The energy production using biogas is esteemed according to Calabrò (2009) , considering an energy production of 1473.4 kWh tbiogas -1 while avoided emissions are calculated considering that the generation of 1 kWh of electricity prevents the emission of 0.527 kgCO2 (average emission factor for Italy; Calabrò, 2009).
Pot experiment for testing the cultivation of giant reed by using leachate for irrigation
To evaluate the feasibility of cultivation of giant reed on Valdina landfill, a preliminary pot experiment was carried out: 18 rhizomes coming from a spontaneous local cane thicket were selected (the weights and dimensions of the different rhizomes were similar) and planted in six plastic pots (volume 15 l, height about 30 cm) filled with soil mixed (50/50) with commercial compost. The replications aided to check the statistical relationship between the final height of the culms using analysis of variance principles (ANOVA).
For the first month, the pots were irrigated with water only (360 ml week -1 ). After this period, in some cases water was partially or totally substituted by the leachate as indicated in Table 4 . Water drained from each pot after irrigation was collected and recirculated in the same container.
A sample of real leachate, sufficient for the whole irrigation programme (about 15 l), was collected from the Valdina landfill. Since its nitrogen and heavy metal content was very low compared with the ranges reported in literature (Renou et al., 2008; Kjeldsen et al., 2002) , ammonium, copper, nickel and zinc chloride (Sigma Aldrich, purity > 99,5%) were added. The final leachate composition is presented in Table  5 . After harvesting the reeds, samples were collected and powdered (<1 mm) by using a cutting mill (Fritsch Pulverisette 15) in order to verify the distribution of heavy metals in the various parts of the plant (rhizome/roots and culms) and soil. Then, water and nitric acid were added in order to reach an l S -1 ratio of 10 l kg -1 and a pH of 3.5. The container was then sealed and agitated with a rotating stirrer (Rotator Drive STR 4/1) for 24 hours. Next, the liquid samples were centrifuged and filtered (0.45 μm filter) and then analysed to measure the aqueous concentrations of Cu, Ni and Zn by atomic absorption spectrophotometry (Shimadzu AA -6701F) using conventional methods (APHA, 2005) .
Electricity production by using a conventional photovoltaic system installed on the landfill site
As an alternative to the use of the landfill surface for the production of biofuels, the construction of a conventional photovoltaic system was considered. The term conventional is used since traditional panels mounted on stands are employed. The use of such panels is more consolidated and safer compared with the flexible modules recently placed directly onto landfill covers. The used surface was 1 ha owing to the cost, configuration of the landfill surface and technical and economic constraints for the installation of the photovoltaic modules (e.g. high slopes, need for space to install and maintain the system, problems related to landfill settlement and to the load induced on the landfill cover), which prevent higher surface use (e.g. Tansel et al., 2013; USEPA, 2013; Sampson, 2009) .
Energy production and installation costs were calculated by using the computer software PVSol (PVSol, 2012) . This software includes a library of data on solar radiation intensity for Italy, particularly the province of Messina. The adopted photovoltaic module was a current silicon single crystal that had an efficiency of 14.4%. Figure 2 presents the results of the simulations carried out by using the USEPA LandGEM model in terms of biogas, methane and carbon dioxide production, while Table 6 gives the total production. Table 7 shows the key parameters for evaluating the three biogas management scenarios considered in this study. Table 6 . Simulated biogas production in the Valdina landfill over 100 years.
Results
Biogas management scenarios
Total Production [t]
Biogas 39500 CH4 10500 CO2 29000 132300 59300 -10300 *Emission of methane converted into equivalent emission of CO2 multiplying the amount of CH4 emitted by 21 (methane global warming potential) **Net emission are obtained by subtracting the avoided emissions due to energy production from the equivalent emission due to methane
Results presented in Table 7 show that for Scenario 2, thanks to the very high biogas collection efficiency, energy production completely compensates methane emissions(net emissions are negative) but such a system is very difficult to implement in practice (e.g. construction and management of collection system, feasibility of energy production due to extremely varying gas flow). 
Results of the pot experiment
The analysis of the culms harvested at the end of the experiment showed that the samples (independent of the irrigation regime) present 14% dry matter and 8% ashes after complete combustion at 900°C. Although the results presented in Table 8 must be considered to be preliminary, as confirmed by ANOVA at p<0.01, they imply that the use of leachate for the irrigation of giant reed during its initial growth does not significantly affect the amount of biomass produced or the dimensions of the culms. Moreover, the analysis of the harvested biomass showed that metals tend to be concentrated in soil and roots, while their presence in culms is limited (Han, 2006) ; only 1-2% of the total metal content of the pot (culms, rhizomes and soil) is attributable to culms.
These results, although preliminary, showed that the irrigation of giant reed cultivation with the leachate produced in the post-closure period may be feasible without significantly affecting the amount and quality of the biomass, confirming the findings reported by Papazoglou 2007 and Papazoglou; . However, further experiments are needed to verify the long-term effect of this practice. According to the relevant literature (Candolo, 2009) , the average annual cost to cultivate giant reed on 2.5 ha of the Valdina landfill for 20 years would be about 5000 € year -1 . Table 9 summarises the possible output from this cultivation, considering an average production of 25 tdry matter year -1 , a lower heating value of 17 GJ t -1 and an electricity conversion efficiency of 25%. Table 10 summarises the main characteristics of the plant. The energy production of photovoltaic systems is highly dependent on local conditions (e.g. the efficiency and exposition of the module, solar radiation intensity); however the energy production hypothesised for the Valdina landfill is compatible with the results reported by Tansel et al. (2013) from a case study in Florida. 0.27 According to the outputs of the computer software used, the initial cost of the plant is 8,3 M€, while the operation and maintenance cost is 58000 € year -1
Photovoltaic plant output
. Considering an interest on capital of 5%, the amortisation of the initial cost would be completed in about 15 years. All calculations are, however, based on the hypothesis that the overpricing policy for renewable energy is maintained in the next 20 years therefore the convenience of installation of a photovoltaic plan on an exhausted landfill is mainly based 137 GENERATION OF RENEWABLE ENERGY ON CLOSED LANDFILLS on financial considerations.
Discussion
Comparison of the alternatives
The results in terms of electricity production and emission compensation by either the combustion of giant reed or the photovoltaic system are presented in Table 11 . Energy production, avoided emissions and, as a consequence, the capacity to compensate for the greenhouse gas emissions from the Valdina landfill are about 35 times higher when using the photovoltaic system compared with cultivating and combusting giant reed. By contrast, the installation cost for this type of plant is extremely high and the produced energy costs about three times more than the energy produced from giant reed. In fact, as already mentioned, the economic convenience of solar energy is still based on the fact that very high incentives are guaranteed to producers that increase production of renewable energy. Without these incentives, the production of electricity by photovoltaic systems would be economically infeasible. Further, the cost of the energy produced by giant reed is of the same order of magnitude as that of traditional, non-renewable, energy sources (i.e. 0,022 € kWh -1 from fossil coal; 0.055 € kWh -1 from oil; 0.063 € kWh -1 from natural gas; Assocarboni, 2012) . Moreover, the productivity of giant reed and efficiency of the electricity conversion assumed in the calculations are very conservative; therefore, in favourable conditions, the final price of electricity could be comparable with that of oil and natural gas.
The cultivation of giant reed also poses minor problems with respect to the stabilisation (i.e. waste settlement and biodegradation) and landscape reclamation (e.g. vegetable cover, visual impact) of the landfill compared with the installation of a photovoltaic plant. Giant reed could be cultivated on a temporary cover almost immediately after the closure of the landfill while the cultivation on the final cover is more complex, especially if leachate is used for irrigation, because the root systems of the selected crop must be compatible with the cover system, while the leachate/drainage water not absorbed by the soil must be collected and managed (e.g. recirculated or treated). On the contrary, the construction of a photovoltaic plant requires the settlement of the waste to be complete, the final cover to be installed and the foundations of the panels' stands to be fully compatible with it. Moreover the emissions due to the construction, management and disposal of the photovoltaic system and its aesthetic impact must be taken into account when planning this type of investment.
In addition, the leachate-based irrigation of giant reed cultivated on a temporary cover can increase the humidity of landfilled waste, promoting faster waste biodegradation according to the bioreactor landfill concept (Reinhart et al., 2002) . Moreover, the agricultural use of landfill topsoil can increase natural methane oxidation (Hilger et al., 2000) . 0.10 0.27 Data presented are referred to an expected lifespan of both the giant reed cane thicket and the photovoltaic plant of 20 years.
From an economic point of view, considering the case of the Valdina landfill and hypothesising that only 50% of the leachate produced is used for irrigation (during the rainy months of between November and February, irrigation is not possible), a saving of about 13,000 € year-1 is achievable. According to the hypothesis that the produced biomass does not produce an income, this saving covers the initial investment within two years and, considering only operation and maintenance costs, a net saving of about 10,000 € year-1 is possible for landfill owners.
Conclusions
In this study, two scenarios for the energy exploitation of a closed landfill were presented with reference to the Valdina landfill in Italy: the installation of a photovoltaic system and the cultivation of giant reed for energy production through combustion. According to a preliminary experimental activity, leachate produced in the Valdina landfill could be used for the purposes of giant reed irrigation. Of these two options, energy production through the photovoltaic system provides the best compensation of greenhouse gas emissions, but giant reed cultivation is more economically sustainable over a long period and well integrated with landfill management in the early post-closure period.
Therefore, the presented results suggest that giant reed cultivation, especially if leachate is used for irrigation, is a feasible approach for the partial compensation of the greenhouse gas emissions generated by waste disposal, especially in the early post-closure period after the installation of a temporary cover. However, installing a photovoltaic plant could become more convenient if evidence that the mechanical and biochemical stabilisation of waste arises (i.e. the negligibility of the settlement rate and biogas emissions) and if the investment is sustainable/convenient for the landfill owner.
